Inter-connected power systems exhibits inter-area oscillations which limit power transfer capability between two areas. These inter-area oscillations can be damped using optimal wide-area control loop. In this paper a novel method is proposed for wide-area input-output signal selection based control using ADMM. In this approach, first interconnected power system is divided into areas. Then using measured data, a black-box transfer function model is estimated locally for each area based on Lagrange multipliers. The local area controllers communicate with the central controller to estimate a global transfer function model of the power system. Based on the estimated global transfer function, the residue corresponding to inter-area mode is calculated. This provides information of optimal wide area control loop. Residue and corresponding eigenvalue information is used for wide-area damping controller design. The performance of the selected optimal wide-area controller design is validated using Kundur two area test system on RTDS/RSCAD ® and MATLAB ® co-simulation platform.
I. INTRODUCTION
Large inter-connected power systems exhibit dominant electro-mechanical oscillations which need to be damped in a timely manner for reliable operation of the power system. The electro-mechanical oscillations of generators with respect to remaining part of the system are called local modes, whereas groups of generators oscillating together against other groups are called inter-area modes [1] . Generally, the frequency of inter-area oscillations is between 0.1-1.0 Hz. Inter-connected power systems are operating close to their vulnerability limits due to ever increasing renewable energy integration, unpredictable loads, and increase power transfer due to deregulation of energy markets. This increased stress on the system can lead to black-outs following a sequence of events. To avoid unprecedented consequences the oscillations should be damped efficiently. Power system stabilizer (PSS) can damp local modes of oscillation effectively but the effectiveness in damping inter-area modes is limited because inter-area modes are not observable/controllable from generator local measurements [2] . The objective of this paper is to find an optimal wide area input/output control loop for wide area damping controller (WADC) that is used to effectively damp inter-area modes. Identifying optimal control loop based on joint observability/controllability measure is critical for a successful wide area control architecture.
In literature, several methods for wide area input/output signal selection methods are proposed such as residue analysis, relative gain array (RGA), geometric measure of joint observability and controllability [3] - [4] . However, these methods are based on linearized model of the system at an operating point and analyzing modes at that point. Since power system is dynamic the operating point changes continuously which mean control loop selected at an operating point as considered in these methods may not be effective.
More recently the focus shifted from modal analysis based methods to measurement based methods. In these methods, the wide area control loop is selected based on analyzing measurement data directly and as the data changes the operating conditions are updated there by updating the wide area control loop. Several centralized methods were reported in literature like eigenvalue realization algorithm [5] , Hilbert-Huang transform [6] , energy function based [7] , Prony analysis [8] , mode metering [9] , and principle component analysis (PCA) [10] . However, for large scale network the centralized approach for wide area signal selection may not be feasible due to various factors like data volume, data transfer capability, computational time etc. Moreover, such linearized measurements cannot be used as such method provides static transfer function models.
Considering these factors, this paper introduces a novel method of wide area input-output signal selection for wide area controller using ADMM based distributed algorithms which overcomes the drawbacks of earlier methods reported in literature. For the proposed study, initially interconnected power system is divided into areas, then using measured data a multi-input multi-output (MIMO) black-box transfer function model is estimated locally for each area based on Lagrange multipliers method. The local areas are then used to communicate with the central controller to estimate a global transfer function model of the power system. Based on the estimated global transfer function, the residues corresponding to inter-area mode are developed that provide information of optimal wide area control loop. Further, information of residue and corresponding eigenvalue is also used for wide area damping controller (WADC) design. The performance of the selected optimal wide area control loop and wide area controller design is validated using Kundur two area test system on RTDS/RSCAD ® and MATLAB ® co-simulation platform. The proposed distributed architecture is shown in Fig. 1 . The rest of the paper is organized as follows: In section II dividing large scale network into areas is discussed. In section III, proposed methodology for wide area signal selection is discussed. In section IV, implementation test results of the proposed signal selection method is illustrated. Section V discusses wide area damping controller design. In Section VI implementation test results with wide area damping controller are shown and Section VII concludes the paper.
Alternating Direction Method of Multipliers (ADMM) Based Distributed Approach For Wide-Area Control

II. DIVIDING LARGE SCALE NETWORK INTO AREAS
Analyzing measured data of large scale network using centralized data processing for wide area control may not be feasible due to various factors such as data volume, data transfer capability, computational time etc. In some cases, detailed information of all the areas may not be available for centralized data processing. To overcome this, network is distributed into areas and each area is represented by one local processor. The local areas are then used to communicate with the global processor to estimate a global transfer function model of the power system. The network distribution into areas can be based on geographical location or coherency grouping. In this paper, online coherency grouping based on spectral clustering method is used to divide network into areas such that areas are inter-connected by tie-lines. The details of the online coherency grouping methodology is discussed in [11] so further details are not presented here. Based on the coherency grouping as deduced from Fig. 2 , Kundur two area test system is divided into two areas with Generator 1 and 2 in Area-1 whereas Generator 3 and 4 in Area-2. Both the areas are connected by a tie-line between bus-7 and bus-9 as shown in Fig. 2 .
III. PROPOSED METHODOLOGY FOR SIGNAL SELECTION
The proposed methodology for signal selection involves following steps: 1) Model Development, 2) Distributed Objective function Formulation, and 3) ADMM based distributive signal selection.
1) Model Development:
After dividing network into areas, local processor of one area may not have complete information of other areas for wide area signal selection. In general the inter-area oscillations (0.1 to 1Hz) are between two areas connected through tie-lines. In this formulation, since local processors have information of power flowing through the tie-lines, transfer function is estimated with input signal as shown in Fig. 3 and tie-line power flow as the output [12] . If there are n generators and m tie lines in the system, then the MIMO transfer function of the power system can be written as (1) . 
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Where m P is the tie-line power flow and n u is the input signal (see Fig. 3 ). Based on the MIMO transfer function of the power system, ( ) mn G z can be represented as follows [13] - [14] :
Where k the order of transfer is function and h is the element number in matrix. From (3) we can notice that all for all transfer functions in the power system looking for inter-area modes the denominator coefficients are same however numerator coefficients are different. This indicates that the power systems modes as seen from any input are same however their corresponding residues differ. For N observation window length, and j samples, (3) can be rewritten as shown in Global I.
Equation (3) can be estimated using least squares technique in discrete time-domain. After estimating the entire power system with different inputs and outputs, G (z) is formulated. input n u and how observable is it from m P . This indicates that residue is a measure of joint controllability and observability index, where larger the value of residue, the stronger is the control loop.
However, solving (3) using a global processor may not be feasible because of data volume, computational burden, computational time etc. For example, if there are 200 generators and 20 lines, the central processor must solve 4000 transfer functions which is not possible in real-time. Moreover, power system is divided into areas either based on geographical location or coherency grouping and each area has its own local processor which reports to global processor.
Thus in real-life local processor of one area may not have complete information of other areas for wide area control. To overcome this, (3) can be solved using distributed algorithms like ADMM. In distributed algorithms, initially a black-box transfer function model is estimated locally for each area based on Lagrange multipliers, and then local areas are used to communicate with the central controller to estimate a global transfer function model of the power system. The residue of global transfer function corresponding to inter-area mode provides information of optimal wide area control loop. Residue and corresponding eigenvalue information is used for wide area damping controller design.
2) Distributed Objective Function Formulation:
Since large power system can be divided into areas, (3) can be divided into parts and then solved for solution using ADMM. The distributed algorithm is proposed here using an example for simplicity and ease of understanding. Suppose there are four generators ( 4 n ) divided into two areas such that each area has two generators and connected by two tielines ( 2 m ) as shown in Fig. 1 . Then (3) can be written as follows: 
The centralized equation (5) can be distributed and reformulated as follows:
Step-1: Divide the above MIMO transfer function into two areas For Area-1
Further 11 ( ) G z , 12 ( ) G z , 21 ( ) G z , and 22 ( ) G z can be written as follows:
Global. I: Power system transfer function calculated for n generators 
Where, 0 1 , , ,
, k are numerator coefficients which are different for each transfer function, 1 2 , , , k a a a , k a , , are the denominator coefficients which are equal for all the transfer functions in the power system and 1, , 4 h ,4 . For Area-2 13 14 1 3 14 ( ) G z , 23 ( ) G z , and 24 ( ) G z can be written as follows: 
, k are numerator coefficients which are different for each transfer function, 1 2 , , , k a a a , k a , , are the denominator coefficients which are equal for all the transfer functions in the power system and here 5, ,8 h ,8 .
Step-2: Writing the (7) and (9) (11) Where a is vector of denominator coefficients, b is vector of numerator coefficients, L is matrix of previous samples of m P , and n M is matrix of current and previous samples of n u .
Step-3: The objective here is to make 1 2 8 a a a z 8 a z a for a global consensus problem so that with the given initial conditions numerator and denominator coefficients can be calculated iteratively until objective is achieved.
For Area-1 and Area-2 (Calculating a using b ) For Area-1 and Area-2 (Calculating b using a )
More generically (12) and (13) can be rewritten as follows:
Where q is area number
Step-4: Global consensus optimization problem is formulated using equations (14) and (15) (16) z is the global consensus solution, that is obtained when the local estimates of all local processors denoted by q a , 1 2 q 2 , reach the same value.
a) 3) ADMM Based Distributive Signal Selection:
The ADMM estimation method uses Lagrange multiplier approach in an iterative distributed way. The augmented Lagrange is computed as follows [15]: Where a and z are the vectors of the primal variables, w is the vector of the dual variables or the Lagrange multipliers associated with (16) , and ρ > 0 denotes a penalty factor. ADMM implementation to solve distributed MIMO system is shown in below algorithm. 
ADMM-Algorithm
IV. IMPLEMENTATION TEST RESULTS OF THE PROPOSED SIGNAL SELECTION METHOD
The proposed algorithm for signal selection is implemented using Kundur two area test system on RTDS/RSCAD and MATLAB co-simulation platform [16] . The communication between RTDS and MATLAB is using GTNET-SKT hardware interface. The simulation time step in RTDS in 50μs (20000 samples/sec) but for small signal stability analysis simulation time step of 20ms (50 samples/sec) is sufficient to preserve inter-area modes (0.1Hz to 1Hz). To reduce computation burden and reduce computation time the data is down-sampled from 20000/sec to 50 samples/sec such that inter-area modes are preserved for small signal stability analysis. The downsampled data is then sent to MATLAB ® using GTNET-SKT interface for computing optimal control loop. The experimental test bed is as shown in Fig. 4 .
With input signal as shown in Fig. 3 and tie line power flow as the output, MIMO transfer function is estimated locally for each area, and then local processor is used to communicate with the global processor to arrive at a global solution. To validate the algorithm during an inter-area oscillation, a fault is created on bus 8 at 0.25sec and cleared at 0.45sec. For the above disturbance two cases are analyzed: 1) Case-1: Residue analysis with locally estimated transfer functions and, 2) Case-2: Residue analysis with global solution.
Case: 1 In this case, residue analysis is performed with only local transfer function estimates without any global consensus. With only local estimate it is found that for the same oscillation on the tie line, the frequency seen by each generator varies around the actual value. Based on residue analysis as 
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shown in Table- I, it was found that to damp inter-area oscillation the output of the controller must be fed to Generator-3. Also the input signal to the wide area controller should be the tie-line (Bus7-Bus8-Bus9) active power. Case: 2 In this case residue analysis is performed by solving global consensus problem. With estimation based on global consensus it is found that frequency of oscillation is 0.6667 Hz which is in consensus with the tie-line power oscillation frequency as shown in Fig. 5 . The optimal control loop of Case-1 and Case-2 are same, however the frequency and residue (magnitude and angle) are different which are critical in wide area damping controller design. 
V. WIDE AREA DAMPING CONTROLLER DESIGN
To provide increased damping of inter-area oscillations supplementary control is required. The supplementary control is to be applied to given generator and it should work in parallel with other local controls of the generator. The supplementary control is called wide-area damping control. The input-output signal selection methodology for wide area damping controller is discussed in Section-IV. In the literature various wide area control are reported, however in this paper wide area damping controller design based on residue as reported in [1] , [17] is adapted since the major focus of this paper is to study distributed approach for signal selection. As discussed earlier, the proposed signal selection method along with the designed WADC based on the modes and residues is implemented on Kundur two area test system in RTDS/RSCAD ® and MATLAB ® co-simulation platform. The details regarding simulation platform are discussed in Section-IV. For the study, a three phase fault is initialized on bus 8 at 0.25sec and cleared at 0.45sec. Based on signal selection algorithm it is found that Generator-3 is most controllable and tie-line (Bus7-Bus8-Bus9) power flow is the most observable signal. This means input to WADC should be the tie-line power flow and output should be fed to Generator-3. Following scenarios are simulated to study the effectiveness of the proposed algorithm:
With exciter
With exciter and PSS With exciter and WADC With exciter, PSS, and WADC Fig. 7 and Fig. 8 shows the relative speeds of all generators-1 and generator-3 with respect to generator-2 (swing). Fig. 9 and Fig. 10 shows the active power flowing through tie-lines. Fig. 11 shows the wide area controller action. Based on the above results it can be seen that WADC is effective in damping inter-area oscillations using the optimal wide area control loop. It can be seen that the proposed approach provides better damping of oscillations. It is worth noting that the conventional PSS is based on pure Matlab. 
VII. CONCLUSION AND FUTURE WORK
The proposed method for wide area input-output signal selection for wide area controller using ADMM based distributed algorithms overcome the drawbacks of earlier methods reported in literature. The interconnected power system is divided into areas, and then using measurements a multi-input multi-output (MIMO) black-box transfer function model is estimated locally for each area based on Lagrange multipliers method. The local areas are then used to communicate with the global processor to estimate a global transfer function model of the power system. The pole and residue information obtained from the global transfer function is used for selecting wide area control loop and to design WADC. The proposed methodology is validated using Kundur two area test system on RTDS/RSCAD ® and MATLAB ® cosimulation platform. From the simulation results it is found that the proposed method is effective in damping inter-area oscillations with less computational burden. In future, time delay considerations and testing on larger systems will be considered. 
